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Membrane potentialNitric oxide reductases (Nors) are members of the heme-copper oxidase superfamily that reduce
nitric oxide (NO) to nitrous oxide (N2O). In contrast to the proton-pumping cytochrome oxidases,
Nors studied so far have neither been implicated in proton pumping nor have they been experimen-
tally established as electrogenic. The copper-A-dependent Nor from Bacillus azotoformans uses cyto-
chrome c551 as electron donor but lacks menaquinol activity, in contrast to our earlier report
(Suharti et al., 2001). Employing reduced phenazine ethosulfate (PESH) as electron donor, the main
NO reduction pathway catalyzed by CuANor reconstituted in liposomes involves transmembrane
cycling of the PES radical. We show that CuANor reconstituted in liposomes generates a proton elec-
trochemical gradient across the membrane similar in magnitude to cytochrome aa3, highlighting
that bacilli using CuANor can exploit NO reduction for increased cellular ATP production compared
to organisms using cNor.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Biological and chemical N2 ﬁxation are pivotal for the supply of
terrestrial life with the indispensible element nitrogen. In denitri-
ﬁcation, the nitrogen oxides are successively reduced back to
molecular nitrogen (Eq. (1)) employing four speciﬁc reductases
for the reduction of nitrate (Nar), nitrite (Nir), NO (Nor) and N2O
(N2Or), respectively [1,2]:
Nitrate ðNO3 Þ ! Nitrite ðNO2 Þ ! Nitric OxideðNOÞ
! Nitrous OxideðN2OÞ ! dinitrogen ðN2Þ ð1Þ
Prokaryotic Nors are integral membrane enzymes (distinct from
the soluble P450 eukaryotic Nors [3,4]), which catalyze the N–N
bond formation between two NO molecules consuming two
protons and two electrons and producing one N2O and one water
(Eq. (2))[1,2,5–7]:
2NOþ 2Hþ þ 2e ! N2OþH2O ð2ÞSequence analysis classiﬁes Nors as members of the
heme-copper oxidase (HCO) superfamily [3,8–11]. The proton
pumping quinol and cytochrome c oxidases (Coxs) are the other
members of the HCO superfamily. Both enzyme families share a
similar catalytic core, which consists of a low-spin heme (b in
Nors and a or b in Coxs) and a binuclear metal center (BNC) where
the NO or O2 reduction chemistries take place [2,6,7,12–15]. The
BNC in Nors contains a high-spin heme b3 [6,13–15] and a
non-heme iron designated FeB. In Coxs the BNC consists of CuB
and a high-spin heme of type a3, o3 or b3 [12,16]. The members
of the HCO superfamily show great overall structural similarity
in their membrane-buried catalytic subunit that contains 12–14
transmembrane a-helices (TMHs) and six conserved histidine
residues that coordinate the redox centers [10].
Coxs and Nors show cross-reactivity with their respective
electron acceptors (O2 and NO, resp.) [17–20] A notable kinetic
property of all Nors is that the activity is quadratic with respect
to NO concentration yielding non-Michaelis–Menten behavior
[6,12,21]. In addition, Nors are substrate-inhibited at low micro-
molar NO concentrations resulting in sigmoidal reaction progress
curves [6,12,21].
Three prokaryotic classes of Nor have been identiﬁed:
cytochrome c oxidizing cNor [13,22,23]; quinol-dependent qNor
[24–26] and the Nor from Bacillus azotoformans (qCuANor) reported
to receive electrons from menaquinol or cytochrome c551 [3,27].
However, here we report that the Bacillus enzyme in fact lacks
menaquinol activity (see Section 3) and have changed its name
from qCuANor to CuANor.
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Gram-negative Pseudomonas aeruginosa has recently been solved
[28]. Computational, mutational and structural analyses of
Pseudomonas and Paracoccus cNors (52% sequence identity [29]),
suggested that the enzyme takes both electrons and protons from
the periplasm rendering it non-electrogenic [28–31], which was
borne out experimentally [22,29,31]. In contrast, the crystal struc-
ture of the quinol-dependent qNor from the Gram-positive
Geobacillus stearothermophilus [26] revealed the presence of a puta-
tive proton transfer pathway between the cytoplasmic aqueous
phase and the BNC suggesting that NO reduction by qNor could
be electrogenic. CuANor has so far only been found in bacilli
[11,21,27]. Biochemical and protein N-terminal and genomic
sequence analyses show that the enzyme from B. azotoformans is
hetero-trimeric [8,21,27]. CuANor accepts electrons from the
endogenous cytochrome c551 [27], which is negatively charged
(pI  3, Em = 140 mV). CuANor contains a di-copper site (CuA) [21]
similar to cytochrome c dependent Coxs [32]. Like cNor and qNor
the enzyme has one heme b and a BNC consisting of heme b3 and
FeB [21].
Among the HCO superfamily, Coxs are established as proton
pumps conserving energy in the form of a proton electrochemical
gradient by employing two processes [32–34]. In the ﬁrst process,
the four protons needed for water formation (chemical protons)
are taken up from the negative side of the membrane (e.g. cyto-
plasm) while electrons enter the enzyme from the positive side
of the membrane (periplasm). The second process involves protons
being pumped across the membrane from the negative side to the
positive side (Eq. (3)) [32,35]:
O2 þ ð4þ nÞHþcyto ! 2H2Oþ nHþperi ð3Þ
Here n is the number of protons pumped (n = 4 for Type A and
n = 2–4 for Types B and C Cox) [36,37]. The subscripts cyto and peri
indicate the cytoplasmic (negative) and periplasmic (positive)
sides of the membrane, respectively.
In this study the ability of CuANor from B. azotoformans to
couple NO reduction to the formation of a membrane potential
was investigated. To this end we used protein-reconstituted
liposomes. Our results provide the ﬁrst experimental evidence that
NO reduction by CuANor in closed liposomes creates a proton elec-
trochemical gradient indicating the energy conserving capability of
the enzyme.
2. Materials and methods
2.1. Chemicals
Soybean asolectin was purchased from Fluka BioChemika,
N-Dodecyl b-D-maltoside (LM) from Affymetrix and equine heart
cytochrome c, Carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), valinomycin, phenazine ethosulfate (PES), safranine O
and phenol red from Sigma–Aldrich. Saturated NO solutions
(2 mM) were prepared by ﬂushing anaerobic MilliQ water with
100% NO gas at room temperature.
2.2. Preparation of proteoliposomes (PLs)
Expression and puriﬁcation of CuANor, cytochrome aa3 and cNor
from Paracoccus denitriﬁcans were performed as described in refs.
[6,21,38], respectively. Soybean asolectin was dissolved in chloro-
form and dried with nitrogen gas to form a thin phospholipid ﬁlm.
The ﬁlm was hydrated with 1 mL of 0.1 M K+-HEPES pH 7.4 per
10 mg phospholipids. The resulting liposomes were fractured using
4 cycles of freezing in liquid nitrogen and thawing (75 C). To
obtain a uniform suspension of small unilamellar vesicles, theliposomes were extruded 15 times over a membrane with 0.2 lm
pore size (Nuclepore Track-Etch Membrane, Whatman). The vesi-
cle suspension was diluted to 5 mg/mL and incubated for 30 min
with 6 mM LM to destabilize the vesicles before the addition of
0.1 lM or 0.5 lM of cytochrome aa3 or CuANor or cNor. In the case
of the mixed aa3/CuANor-PLs or aa3/cNor-PLs, 0.5 lM of each
enzyme was added. The enzyme-containing liposome suspension
was incubated for 1 h. Methanol-washed Bio-Beads (Bio-Rad
SM-2) were used to adsorb the detergent in two successive steps
(300 and 150 mg Bio-Beads/mL liposomes for 1, 5 h each step,
respectively). The phospholipid and enzyme contents were deter-
mined in the ﬁnal PL preparation from the phosphate content
[39,40] and the Soret absorbance [6,27], respectively. Using cyto-
chrome c the orientation of cNor was determined at 40 ± 5%
right-side out a value similar to CuANor (see Section 4).
2.3. Activity measurements
The activity of CuANor-PLs and cNor-PLs was monitored
optically from the formation of oxidized PES (e387 nm =
26 mM1 cm1). At pH 7.6, reduced PES (PESH, estimated pK
3.7 [41]) is a two-electron plus one proton donor, which we con-
ﬁrmed experimentally. Thus the NO consumption rate was calcu-
lated according to Eq. (4):
PESHþHþ þ 2NO! PESþ þ N2OþH2O ð4Þ2.4. Determination of the respiratory control ratio (RCR)
The Vmax values were determined by simulation of the time
course of the reaction according to the model (Eq. (5)) proposed
earlier [6]:
v
½E ¼
Vmax
1þ K2  1½NO þ K1½NO2
 
þ ½NOKi
ð5Þ
where K1 and K2 are the apparent binding constants for ﬁrst en sec-
ond NO molecules. The Ki term is the inhibition constant proposed
to represent the binding of NO to the oxidized form of the enzyme
[6]. The respiratory control ratio (RCR) was calculated by dividing
the Vmax values of the uncoupled PLs by that of the coupled PLs.
The PLs were assayed in 20 mM HEPES + 45 mM KCl + 45 mM
sucrose, pH 7.6. For complete uncoupling, 40 lM CCCP was added
with or without 50 lM valinomycin. The RCR for cytochrome aa3
PLs (aa3-PLs) was determined based on the decrease in absorbance
of reduced cytochrome c at 550 nm.
2.5. Measurement of the membrane potential (Dw)
Fluorescence quenching of safranine O [42,43] was used to
monitor the formation of Dw by the PLs. The assay with
CuANor-PLs and cNor-PLs contained 5 lM safranine O, 40 mM
sucrose, 40 mM KCl, 60 lM PES+ and 20 mM ascorbate, pH 7.6.
CuANor-PLs were also assayed without ascorbate in the presence
of 60 lM PESH (with or without addition of 60 lM or 1 mM
PES+). The reaction was started with 10, 20 or 40 lM NO. The Dw
formation by aa3-PLs was monitored in the same buffer without
PES using 10 lM equine heart cytochrome c as electron donor
and 260 lM O2 as electron acceptor in the presence of 20 mM
ascorbate to prevent inner-ﬁlter quenching effects on the ﬂuores-
cence by cytochrome c. The measurements were carried out in a
Cary Eclipse (Varian) ﬂuorescence spectrophotometer at room
temperature using excitation and emission wavelengths of 495
and 585 nm, respectively. Additions were made after removing
the cuvette from the ﬂuorescence spectrophotometer. The reaction
buffer was mixed thoroughly using a magnetic stirrer prior to
Fig. 1. The crystal structure of T. thermophilus cytochrome ba3 (left) and the homology model of CuANor (right). Subunits I are colored gold, subunits II titanium and proton
transfer pathways light blue. The histidines (black sticks) that coordinate the hemes (red lines), CuB (cyan sphere), FeB (orange sphere) and CuA (purple spheres) are all
conserved in both structures. The ligands in CuANor of the low-spin heme b are His77 and His394; the high-spin heme b3 are His92; the non-heme FeB are His241, His290 and
His291 and the CuA ligating residues are SUII: His100, Cys135, Cys139 and His143. The K-pathway analog (white arrow) residues of cytochrome ba3 (Thr315, Tyr248, Tyr244,
Thr312, Ser309, Tyr237 and Glu15(SUII)) and CuANor (Tyr256, Tyr248, Thr320, Ser317 and Asn245) are shown as sticks. The active-site residues (Tyr237 and Asn245 in
cytochrome ba3 and CuANor, respectively) are viewed as red sticks. Orange sticks indicate non-homologous amino acid substitutions (Thr315 and Ala323). Three putative
residues involved in the proton exit pathway (black dotted arrow) in cytochrome ba3 (Asp372, His376 and Asp287) were also found in the CuANor homology model (Asp380,
His384 and Asp295).
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which took 10 s. The ﬂuorescence spikes due to these manipula-
tions are omitted from Fig. 4 for clarity.
2.6. Homology modeling
Homology modeling of CuANor subunit I (cbaA1) and subunit II
(cbaB1) from B. azotoformans [8] was carried out on the
SWISS-Model server [44,45] using default modeling parameters
and as templates the structures of subunits I and II of Thermus
thermophilus ba3 cytochrome c oxidase SUI (PDB: 3eh4.1, 34%
sequence identity) and SUII (PDB: 3eh4.1, 41% sequence identity),
respectively. We have incorporated the cofactors into the ﬁnished
homology model at exactly the same cofactor-ligand distances as
in cytochrome ba3. The models were viewed using PyMOL
Molecular Graphics System, Schrödinger, LLC.
2.7. Graphing and analysis
Igor Pro version 6.1 (Wavemetrics) was used for data ﬁtting and
creating graphs.
3. Results
3.1. Homology modeling
In order to obtain insight into the structure of CuANor, we
created a homology model of the enzyme based on the crystalstructure of T. thermophilus cytochrome ba3 (T. thermophilus cyto-
chrome ba3 numbering is used unless otherwise noted). The model
of SUI (Fig. 1) shows 12 trans-membrane a-helices (TMHs) and one
TMH in SUII, which is identical to cytochrome ba3 and cNor [28]
and one TMH less than qNor [26].
In Type A Cox, the protons are transported by the D- and
K-pathways. The former pathway is used solely for the pumped
protons whereas the K-pathway is exploited for the transfer of
the chemical protons [36]. Cytochrome ba3 (Type B) uses a single
proton transfer pathway analogous to the K-pathway to deliver
both chemical and pumped protons [37,46,47]. The cytochrome
ba3 K-pathway analog (Tyr237, Tyr244, Tyr248, Ser309, Thr312,
Thr315 in SUI and Glu15 in SUII) and that in CuANor (Fig. 1) share
ﬁve out of seven amino-acid residues (Tyr248, Tyr256, Ser317,
Thr320 and SUII-Glu5, CuANor numbering). Tyr244 in cytochrome
ba3 is substituted by Val252 in CuANor. However Tyr248 in CuANor,
which is located one turn higher in the same a-helix as Val252 is
located at the same position as Tyr244 in cytochrome ba3.
Ala323 was found in CuANor instead of Thr315. Although alanine
lacks a polar side-chain its backbone carbonyl could fulﬁll a role
in proton transfer. The strictly conserved ‘‘active-site’’ tyrosine
(Tyr237) in Coxs, which is cross-linked to one of the histidine resi-
dues (His233) that coordinate CuB [48] is substituted for Asn245 in
CuANor which according to the homology model is 6.7 Å away from
FeB. In the crystal structures of cNor and qNor a Glu residue is
found at this position and is established as a FeB ligand in cNor
[28] but not in qNor [26]. Whether Asn245 is a (weak) ligand to
FeB cannot be asserted from the homology modeling. A putative
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cytochrome ba3 [47,49] is also found in the homology model of
CuANor (Asp380, His384 and Asp295) (Fig. 1).
Structural inspection and simulation of menaquinol and HQNO
binding to the CuANor homology model (SwissDock, [50]) did not
reveal a putative quinol binding domain. We therefore reassessed
the menaquinol activity of CuANor [27] and found that neither
menaquinol nor ascorbic acid could serve as direct electron donors
to CuANor. Hence, we propose to change the previous name of the
enzyme, qCuANor [21] to CuANor. The activity observed previously
[21] is artifactual and caused by traces of PES in the measuring
chamber used for polarographic NO determination [51]. A very
low KM for PESH (23 ± 3 nM, Supplementary Fig. S1) was deter-
mined and rapid reduction by ascorbate or menaquinol of the
nanomolar concentrations of PES were found to produce signiﬁcant
CuANor dependent NO reductase activity.
The considerable structural similarity between CuANor and
Type B oxidases established by homology modeling strongly sug-
gests that CuANor is functionally capable of electrogenic NO reduc-
tion employing the K-channel analog for proton uptake to the BNC.
3.2. CuANor generates a proton-dependent electrochemical gradient
The endogenous B. azotoformans membrane-bound cytochrome
c551 is the natural substrate for CuANor [27]. A soluble construct of
cytochrome c551 that lacks the membrane-anchor was expressed in
Escherichia coli but proved inactive as substrate. Ideally a
membrane-impermeable electron donor is used to select only for
the proteoliposomes with the desired right-side out enzyme orien-
tation. Impermeant electron donors such as sodium dithionite,
indigo carmine and anthraquinone-2,6-disulfonic acid proved not
suitable due to their high reactivity with NO. We were therefore
limited to the use of PESH as electron donor in this study despite
its membrane-permeability [52,53].
To investigate the ability of CuANor in generating a membrane
potential, CuANor-PLs, aa3-PLs, and mixed aa3/CuANor-PLs and
aa3/cNor-PLs were prepared. NO and O2 reductase activities with
and without the uncoupler CCCP showed RCR values of 2.4–5.5
(Table 1 and Fig. 2) indicating the tightness of the liposomes.
Valinomycin when used with CCCP did not signiﬁcantly increase
the RCR value of the CuANor-PLs or aa3-PLs (Table 1). The RCR value
of the non-electrogenic cNor in aa3/cNOR-PLs was close to 1, in
agreement with [22], whilst the PLs were coupled indicated by
the RCR value of 4.3 for O2 reduction by the co-reconstituted cyto-
chrome aa3 (Table 1). Simulation of the ‘‘coupled’’ and ‘‘uncoupled’’
activity traces (Fig. 2) returned the same values for the binding
constants (K1 = 2 ± 1 lM, K2 = 0.3 ± 0.1 lM and Ki = 5 ± 1 lM).
When the time axis of the coupled reaction is divided by the
RCR, the coupled and uncoupled CuANor traces become identical
inferring that only Vmax (494 NO s1) and not the NO binding
parameters are affected by coupling (Fig. 2, inset). The kinetic con-
stants for lipid embedded cNor (Vmax = 165 NO s1) were found theTable 1
Respiratory control ratios of various types of PLs.
PLs RCRCCCP RCRCCCP + val Substrates
aa3 4.9 ± 0.70 5.5 ± 0.71 Cytochrome c/O2
aa3/CuANor – 2.6 ± 0.24 PESH/NO
aa3/CuANor – 3.2 ± 0.80 Cytochrome c/O2
CuANor 2.3 ± 0.23 2.4 ± 0.20 PESH/NO
CuANora 2.4 ± 0.30 – PESH/NO
aa3/cNor 1.03 ± 0.1 – PESH/NO
aa3/cNor 4.3 ± 0.75 – Cytochrome c/O2
a CuANor-PLs prepared using 0.1 lM Nor instead of 0.5 lM Nor/1.8 mg phos-
pholipids for the other PL preparations, which did not appear to affect the RCR.same as for CuANor (except for Ki = 2 ± 1 lM) and differ from those
determined for the solubilized cNor (K1 = 6.0 lM, K2 = 0.55 lM and
Ki = 13.5 lM [6]).
Due to the membrane-permeability of PESH, CuANor in the
right-side out orientation (Fig. 3A & C) and in the opposite orienta-
tion (Fig. 3B, D, E & F) can both participate in NO turnover. Fig. 3B
shows that even a non-electrogenic enzyme could show respira-
tory control and/or generate a Dw due to the different permeabil-
ities of H+ and PES+ (see Section 4). Therefore the RCR displayed by
CuANor cannot be taken as direct proof for its electrogenicity in
spite of the RCR 1 observed for cNor. However, in case the reac-
tion is mediated solely by the neutral PES radical (PES⁄), the overall
intravesicular reaction is proton and electroneutral for a
non-electrogenic CuANor (Fig. 3E), and observation of a RCR
directly indicates that CuANor is electrogenic (Fig. 3F and
Section 4).
In order to assess the Dw formed by CuANor, the Dw-induced
ﬂuorescence quenching of safranine O by CuANor and cNor was
determined (Fig. 4 and Table 2). The stacking of safranine O and
hence quenching of its ﬂuorescence (Fig. 4) are independent of
the orientation of Dw [54] thus both orientations of the Nors can
contribute to ﬂuorescence quenching (Fig. 3). Trace A in Fig. 4
shows ﬂuorescence quenching (5.3 ± 0.3%) during NO reduction
by 1 nM aa3/CuANor-PLs, inferring the generation of a Dw.
Importantly, the ﬂuorescence quenching by CuANor increases over
time and is maximal just before all NO is consumed (at 2 lMNO)
and thus similar to the activity traces of CuANor (Fig. 2) supporting
the hypothesis that NO reduction by the enzyme is responsible for
the gradient formed. When NO is depleted (Fig. 4, [NO]  0), the
ﬂuorescence intensity returns with a half-life of 10–15 s to the ini-
tial level due to H+ equilibration across the membrane (proton
leakage) that renders Dw zero. After addition of CCCP ﬂuorescence
quenching was not observed (Fig. 4, trace A). The NO reductase
activity of cNor in aa3/cNor-PLs at a 3 times higher concentration
(3 nM) than used for CuANor does produce a small decrease in ﬂu-
orescence 0.40 ± 0.15% (Fig. 4, trace B). The amount of ﬂuorescence
quenching by 1 nM CuANor averages to 5.0 ± 0.3% (Table 2) and is
independent of co-reconstitution with cytochrome aa3, the pres-
ence of ascorbate or the concentrations of NO (10–40 lM) and
externally added PES+ (0–1 mM). The inset in Fig. 4 shows ﬂuores-
cence quenching for O2 reduction by 1 nM aa3-PLs, which equals
4.4 ± 0.20%. These results indicate that CuANor is electrogenic
(Fig. 3C, D and F, and see Section 4) and can generate a Dw similar
in magnitude to that formed by cytochrome aa3, the latter esti-
mated at 150 ± 20 mV [55].
4. Discussion
Sequence alignment shows 34% identity between CuANor and
the cytochrome ba3 oxidase from T. thermophilus. Homology mod-
eling indicates a signiﬁcantly similar spatial arrangement of the
redox centers and the amino acid residues that constitute the
K-pathway analog in both enzymes (Fig. 1). This similarity suggests
that NO reduction by CuANor is potentially electrogenic.
4.1. Electrogenicity of CuANor
Using the membrane-permeable PESH and NO, the ﬂuorescence
quenching of safranine O by CuANor-PLs was determined nearly
20 times greater than observed with the non-electrogenic cNor in
aa3/cNor-PLs (Fig. 4, Table 2). The permeability coefﬁcient we
determined for PES+ (1.5  109 cm s1) is relatively small; PES+
is approximately 4 times more permeable than H+ (see
Supplementary Material). This difference in permeability causes a
small and nearly constant Dw (0.27% ﬂuorescence quenching,
Table 2 and Fig. 4 trace B) seen with cNor according to Fig. 3B.
Fig. 2. Reduction of NO by CuANor-PLs monitored in the absence (coupled) and presence of CCCP (uncoupled). The data were ﬁtted (solid lines) according to Eq. (5). Both
kinetic traces show the same sigmoidal kinetics [6,27]. The inset shows PESH oxidation by coupled and uncoupled PLs with the time axis for the coupled PLs divided by 2.4
(the RCR). The similar time dependence of the traces directly shows that the NO binding parameters are the same and the ratio of the rates is equal to 2.4.
Fig. 3. The effects of different PES mediated NO reduction pathways (A–D vs E, F) and different orientations of non-electrogenic (e.g. cNor) (A, B and E) and electrogenic Nor
(C, D and F) on the observed RCR and Dw. PESH and PES⁄ are rapidly membrane permeable whereas membrane permeation by PES+ is slow indicated by the dotted arrow. The
scheme shows that although a non-electrogenic Nor could display a RCR and generate a smallDw (B) when the PESH/PES+ redox couple serves as the reductant, the reaction is
proton and electroneutral in the case of PES⁄ cycling (E). Respiratory control is observed and aDw is generated when the enzyme is electrogenic regardless of its orientation or
the NO reduction pathway (C, D and F). Nor is depicted as a trapezoid where the narrow end harbors the CuA center (or the c-cytochrome in case of cNor), which is the site of
electron entry. In the right-side out orientation (A and C), CuA faces the extravesicular phase.
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Fig. 4. Formation of Dwmeasured by ﬂuorescence quenching of safranine O by aa3/CuANor-PLs (A), aa3/cNOR-PLs (B) and aa3-PLs (inset). (A) The CuANor reaction was started
by addition of 40 lM NO to 1 nM of CuANor in the presence of 60 lM PES+ and 20 mM ascorbate. Subsequent addition of NO in the presence of CCCP does not result in
ﬂuorescence quenching. The time taken to obtain [NO]  0 (dashed line) for the uncoupled reaction was estimated from the RCR value of 2.4. (B) Same NO reduction
conditions as in A, but with 3 nM cNor. At the end of the reaction 1 nM CuANor and 40 lM NO were added resulting in similar ﬂuorescence quenching as in trace A. The
turnover of cNor is approximately one-third of that of CuANor. The inset shows the ﬂuorescence quenching for aa3-PLs (1 nM) in aerobic buffer. Addition of CCCP abolishes the
ﬂuorescence quenching.
Table 2
The relative change in ﬂuorescence (DF/F) of safranine O during NO and O2
reduction.a
PLs DF/F (%) Substrates
CuANor 4.9 ± 0.10 asc, 60 lM PES+, 40 lM NO
CuANor 5.1 ± 0.20 60 lM PESH, 20 lM NO
CuANor 5.5 ± 0.40 60 lM PESH, 10 lM NO
CuANor 4.9 ± 0.20 60 lM PESH, 60 lM PES+, 20 lM NO
aa3/CuANor 5.3 ± 0.30 asc, 60 lM PES+, 20 lM NO
aa3/CuANor 4.5 ± 0.30 60 lM PESH, 1 mM PES+, 40 lM NO
aa3/cNor 0.27 ± 0.15 asc, 60 lM PES+, 40 lM NO
aa3/cNorb 0.40 ± 0.15 asc, 60 lM PES+, 40 lM NO
aa3 4.4 ± 0.20 asc, 30 lM cyt. c, 260 lM O2
Average CuANor 5.0 ± 0.3
a Data obtained for the same phospholipid concentration (0.018 mg/mL) and
enzyme (1 nM) concentrations.
b Three times higher concentrations than under a.
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activities, 49.4 nM s1 and 16.5 nM s1, respectively, are much
larger than the PES+ (1.65 nM s1) and H+ (0.44 nM s1) ﬂuxes cal-
culated for the extreme case of 25 mM intravesicular PES+ (see
Supplementary Material). Thus, H+ and PES+ can be regarded
impermeable relative to the rate of intravesicular PES+ production
validating the use of PESH in our assays. The great difference
between the amounts and time dependences of the ﬂuorescence
quenching observed with CuANor and cNor – the former relating
to enzyme activity, the latter only to the difference between PES+
and H+ permeabilities – can only be due to a different charge bal-
ance of the overall reactions catalyzed by the two enzymes.
Therefore we conclude that the reaction catalyzed by CuANor is
electrogenic as depicted in Fig. 3C and D. The observation that
CCCP completely prevents the formation of a Dw proves that
CuANor generates a proton electrochemical gradient ðD~lþHÞ.
4.2. The PES radical as intermediate in the reaction
In the literature, data on phenazine methosulfate (PMS) greatly
outnumber those on PES. Given their similar permeability
coefﬁcients (PPMS+ = 1.2  109 cm s1) and redox properties[56,57], the results obtained with PMS can be used to support
the PES radical (PES⁄) cycling mechanism sketched in Fig. 3F as
the main mechanism in our assays (see below).
At low pH, PMS or PES can be stoichiometrically converted to
PMS⁄ or PES⁄ [58], whereas at pH 7.5 approximately 15% is maxi-
mally in the radical form [58]. Experiments with intravesicularly
trapped ferricyanide and extravesicular ascorbate/PMS show that
the transport of PMSH across liposomal membranes is fast judged
from the initial rapid reduction of ferricyanide and the associated
intravesicular acidiﬁcation [59,60]. The ferricyanide reduction dra-
matically slows down almost immediately owing to the slow
export of PMS+, consistent with its small permeability constant
determined in the present study. However, the rate of PMS+ trans-
port in these liposomes is not limiting in the presence of
tetraphenylboron (TPB-) [61–63], which accelerates PMS+ trans-
membrane transport. On the other hand, when an equimolar mix-
ture of ferri- and ferrocyanide is trapped inside the liposomes, the
rate of ferricyanide reduction by external ascorbate/PMS in the
absence of TPB is fast and remains fast. At the redox potential
set by the ferri- and ferrocyanide couple, sufﬁcient PMS⁄ is formed
[60] sustaining a rapid rate of ferricyanide reduction via PMS⁄
transmembrane cycling (cf. Fig. 3E). Similar observations were
made using (inverted) submitochondrial particles that contain
cytochrome c oxidase (cf. orientation in Fig. 3F) and internal cyto-
chrome c. The rate of PMSH mediated O2 reduction was not
increased by TPB [62], because cytochrome c is an oxidant not
as strong as ferricyanide, and consequently the former oxidizes a
signiﬁcant portion of PMSH only to the PMS⁄ form that cycles
across the membrane [62].
In our experiments, CuANor-PLs with the orientation as in Fig. 3F
would generate 60 lM intravesicular PES+ within one second,
matching the [PESH] and so maximizing the [PES⁄]. The midpoint
potential of the Nor redox centers (0.2–0.35 V) is in the same range
as that of cytochrome c (see example above), which suggests that
during the reaction, CuANor-PLs will generate enough PES⁄ to make
the overall reaction shown in Fig. 3F the dominant steady-state
reaction. As a consequence, the intravesicular pH change and PES+
concentration will be small and hence the PES+ and H+ diffusion
rates are both much smaller than assessed for the extreme case
2H+cyto
BNC
2NO
2e-
cytoplasm (-)
periplasm (+)
H2O + N2O 
CuA
Heme b
Fig. 5. A simpliﬁed scheme outlining the mechanism for the formation of a proton
electrochemical gradient ðD~lþHÞ by CuANor without actual proton pumping. The D~lþH
is formed because protons are taken from the cytoplasm via the K-pathway analog
causing a decrease in cytoplasmic charge (Dw) and proton concentration (DpH). In
case the reaction is coupled to proton pumping (as in Coxs), additional protons
would be taken up from the cytoplasm.
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Material). That the PES⁄ radical mechanism must be dominant
(Fig. 3F) is further supported by the ﬁnding that much more NO
can be converted than needed to titrate out the intravesicular buffer
(see SupplementaryMaterial for the calculation). Hence, the ﬁnding
of respiratory control by CuANor and the similarity betweenDw for-
mation and NO reduction kinetics (Figs. 2 and 4) directly support
electrogenic NO reduction by the enzyme.
In conclusion, two reaction mechanisms have been discussed
above: (i) PESH oxidation to PES+ where PES+ permeability is neg-
ligible (Fig. 3D) and (ii) PESH oxidation to the PES⁄ radical, which
results in transmembrane cycling of PES⁄ without signiﬁcant accu-
mulation of PES+ inside the PLs and yielding a proton neutral and
electroneutral overall reaction within the liposome (Fig.3F). Both
mechanisms occur under the assay conditions. Interpretation of
the data leads for either mechanism to the conclusion that NO
reduction by CuANor is electrogenic.
4.3. Bioenergetic implications of electrogenic NO reduction
The simplest way to generate ðD~lþHÞ is according to:
2NOþ 2Hþcyto þ 2eperi ! N2OþH2O ð6Þ
Herein the protons needed for the formation of H2O are taken
up from the cytoplasm, whereas reduction of the redox centers
within the membrane dielectric occurs via the CuA center that faces
the periplasm (Fig. 5). Proton transport from the cytoplasm to the
BNC is proposed to occur via the K-pathway analog (Fig. 1).
The homology model predicts a proton exit pathway for CuANor
equivalent to that in the proton pumping cytochrome ba3 oxidase
(Fig. 1, [37]). Thus apart from taking the substrate protons from the
cytoplasm (Eq. (6)) and electrons from the periplasm rendering the
enzyme electrogenic, CuANor might be a proton pump as well. To
quantitatively investigate whether CuANor is a proton pump, the
pH change at the exterior of CuANor-PLs was determined with
the membrane-impermeable pH dye phenol red (Supplementary
Fig. S2). The results show similar alkalization ( -1H+/PESH) for
coupled and uncoupled reactions without indication of
proton-burst kinetics. This latter observation and the permeability
of PESH prevent, at present, assessment as to whether or not
CuANor is a proton pump. The experimentally determined alkaliza-
tion enables an estimation of the orientation of CuANor in the PLs.
In case CuANor does not pump protons, 33% of the enzyme would
be in the right-side out orientation whereas this is 43% in case the
enzyme pumps 2 protons per turnover (see Fig. S2).
The ﬁnding that CuANor is electrogenic but cNor is not, implies
that the q+/e ratio of 3.0 for NADH driven nitrate reduction to N2
by e.g. bacteria using cNor [2] is increased to 3.2 for bacilli accord-
ing to Eq. (7):5NADHþ 37HþN þ 2NO3 ! 5NADþ þ 30HþP þ 6H2Oþ N2 ð7Þ
Thus denitriﬁcation in bacilli yields potentially 6.7% more ATP
(Table S1B) than organisms employing the cNor. The yield of ATP
can be 13% higher in case CuANor would pump, in addition, 2 pro-
tons per 2 NO (Table S1C). In order to assess proton pumping by
CuANor, experiments with an active soluble form of cytochrome
c551 are scheduled.
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